Introduction {#sec1}
============

Uranium is an environmental contaminant that arises as a result of authorized and accidental releases at various stages in the nuclear fuel cycle, including from uranium ore mining activities and post-reactor operations. Additionally, in many countries, uranium-containing radioactive wastes, including spent nuclear fuel and intermediate-level waste, are likely to be disposed in deep geological disposal facilities (GDF). Here, uranium will typically be the most significant radionuclide by mass in the waste inventory. After deep disposal has been implemented, it is inevitable that, on geological time scales, uranium (and other radionuclides) will be released from within the waste containers and, importantly, due to its long half-life (4.5 Ga), the behavior of uranium and of its resultant decay chain will be important to any safety case for geological disposal over extended time frames. It is, therefore, crucial that we understand the fate of uranium in these natural and engineered environments to be able to both predict and constrain its environmental impact.

Iron (oxyhydr)oxides (e.g., hematite α-Fe~2~O~3~) are ubiquitous and are known to be effective at reducing the mobility of U(VI) through either their high sorption capacity (e.g., surface adsorption) or, where Fe(II) is present, via reductive precipitation to poorly soluble U(IV) phases. Studies of uranium retardation mechanisms in the environment have tended to focus on adsorption of U(VI) to various mineral phases^[@ref1],[@ref2]^ or reduction of U(VI) to U(IV) either directly or indirectly as a result of microbial^[@ref3]−[@ref6]^ or abiotic pathways.^[@ref7],[@ref8]^ However, a change in the geochemical conditions may reverse these processes (e.g., reduction in pH leading to desorption or reoxidation of U(IV)) and cause remobilization of the contaminant.^[@ref9]−[@ref11]^ Incorporation of uranium into stable mineral phases, such as iron (oxyhydr)oxides, offers a pathway for sequestration with the potential for long-term immobilization. It has been shown that goethite and hematite are able to accommodate various impurities (e.g., Si, Ti, Mn, Ni) into their structure.^[@ref12],[@ref13]^ Specifically, U(VI) and reportedly even U(V) may be incorporated into goethite (α-FeOOH) during Fe(II)-catalyzed crystallization of ferrihydrite,^[@ref14]−[@ref16]^ and evidence for U(VI) incorporation into hematite during coprecipitation has been reported.^[@ref17]−[@ref19]^ Notably, Duff et al.^[@ref18]^ precipitated ferrihydrite from a solution containing U(VI) and Fe(III) and induced hematite formation by aging at pH 11 and 60 °C. Here, they reported incorporation of U(VI) into hematite in a uranate-like coordination environment with the resultant loss of the short uranyl bonds. Ilton et al.^[@ref19]^ followed the method of Duff et al.^[@ref18]^ and reported a similar structure for incorporated U(VI). Atomistic simulations of U(IV), U(V), and U(VI) incorporation into hematite using various different charge compensation mechanisms, based on the Duff et al.^[@ref18]^ incorporation model, indicated that U(VI) maintained octahedral coordination in most cases but that the predicted interatomic distances differed from the experimental data.^[@ref20]^ Furthermore, in a similar study, chemical extractions on U(VI) associated with ferrihydrite showed a decrease in leachable uranium as the solid phase aged and the formation of U(VI)-labeled crystalline goethite and hematite occurred, suggesting a change in speciation during crystallization.^[@ref21]^ The lack of agreement between the spectroscopic and atomistic modeling approaches in the literature to date indicates that the mechanism of uranium incorporation, and the details of the molecular-level bonding environment within the hematite structure warrant further investigation.

In addition to forming in soil and sediments, predominantly as a weathering product of iron-bearing minerals, iron (oxyhydr)oxides form as corrosion products of steel^[@ref22]^ and are present in intermediate level radioactive wastes.^[@ref23],[@ref24]^ They are also reported to form in deep geological systems on tunnel walls due to biological oxidation of Fe(II).^[@ref25]^ Many geological disposal concepts utilize cementitious materials (often within the wasteform itself or in the engineered barrier system) and many contaminated soils at nuclear facilities will be in contact with cements and concrete construction materials. Leaching of the cementitious materials will buffer the pH to hyperalkaline conditions, creating a chemically disturbed zone (CDZ) in the host rock or local environment.^[@ref26],[@ref27]^ Thus, understanding the changes in speciation (i.e., adsorbed versus incorporated) of actinides during crystallization of iron (oxyhydr)oxides under these geochemical conditions is key to predicting their long-term stability and mobility in natural and engineered environments. Ferrihydrite crystallizes to hematite or goethite depending upon solution conditions, with pH, ionic strength, and temperature all having an influence.^[@ref28]^ Hematite formation is favored under near-neutral conditions and higher temperature and ionic strength, whereas goethite forms under extremes of pH (less than 4, greater than 10) and at lower temperature and ionic strength.^[@ref28],[@ref29]^ The hematite formation process begins with ferrihydrite particle aggregation,^[@ref30]^ followed by recrystallization within the aggregate via dissolution and reprecipitation processes that occur at the nanoscale.^[@ref31]^ This crystallization involves a variety of processes including dehydration of the ferrihydrite particles, deprotonation of hydroxyl groups, creation of oxy-linkages, and redistribution of cation vacancies.^[@ref32]^ During this process, adsorbed uranium has the potential to become incorporated into the structure of the hematite. However, the mechanism of this reaction is poorly constrained, and how much of the adsorbed uranium is incorporated, at which stage in the crystallization process uranium is incorporated, and what the final site of uranium is within the hematite structure are all worthy of attention.

In this contribution, we provide a detailed insight into the mechanism(s) of uranium incorporation during hematite formation under conditions relevant to both geological disposal and contaminated land to determine whether significant amounts of uranium could be sequestered into this phase in the long term. We have combined aqueous chemical data with X-ray diffraction (XRD), transmission electron microscopy (TEM), and X-ray absorption spectroscopy (XAS) to characterize the solid phase crystallization at elevated pH (10.5). Throughout, we have focused on the fate of uranium during ferrihydrite transformation to hematite to determine the mechanism(s) of uranium incorporation, and our aim was to define the atomic scale bonding environment of uranium within this environmentally important phase.

Experiments and Analyses {#sec1.1}
------------------------

Batch experiments were used to follow the crystallization of U(VI)-adsorbed ferrihydrite in a synthetic cement leachate (0.015 g L^--1^ Ca(OH)~2~; pH 10.5) system. Full experimental setup and sampling and analysis details are given in [Supporting Information](#notes-1){ref-type="notes"}. Briefly, batch experiments were set up at a solid solution concentration of 0.4 g L^--1^ and spiked with U(VI) to give an initial U~(aq)~ concentration of 1 ppm (4.2 × 10^--6^ mol L^--1^), which was thermodynamically modeled (PHREEQC) to be below the solubility of any U(VI) phase in the synthetic leachate. The experiments were placed in an oven at 60 °C for up to 70 days. Some experiments were also placed into an oven at 105 °C for up to 45 days to suppress the formation of goethite and favor hematite formation. All experiments were maintained between pH 10.3--10.7 and were purged with CO~2~-free air throughout. Partitioning of uranium between the solid and the solution was determined by analysis of uranium in solution (U~(aq)~). Chemical extractions were performed to assess the partitioning of uranium to the solid phase.^[@ref33]^ The surface-bound uranium (U~(ads)~) was determined by titration of the iron (oxyhydr)oxide suspension to pH 2.5, below the U adsorption edge,^[@ref34]^ using HCl. The resulting supernatant was analyzed for uranium, and U~(ads)~ was calculated by subtracting U~(aq)~. The nonleachable uranium (U~(s)~) was then calculated from the mass balance according to

Aqueous samples were analyzed for ^238^U by ICP-MS, and solids were characterized by powder XRD and surface area using the BET method. Particle morphologies were characterized via TEM. Uranium L~III~-edge XAS spectra were collected on beamline B18, Diamond Light Source, at room temperature in fluorescence mode using a nine-element Ge detector.^[@ref35]^ Reference spectra from U(VI) and U(IV) standards (schoepite ((UO~2~)~8~O~2~(OH)~12~·12(H~2~O)) and uraninite (UO~2~), respectively) were collected in transmission mode. In-line yttrium foil reference spectra were also collected for each sample for energy calibration. Background subtraction, data normalization, and fitting to the EXAFS spectra were performed using the software packages Athena and Artemis.^[@ref36]^

Results and Discussion {#sec2}
======================

Characterization of Experimental Products {#sec2.1}
-----------------------------------------

XRD patterns for the products from the 60 °C crystallization experiment show hematite formed rapidly from 2-line ferrihydrite over the first 24--48 h of aging (Figure [1](#fig1){ref-type="fig"}). Quantitative analysis of the XRD patterns (QXRD) ([Supporting Information](#notes-1){ref-type="notes"} Table SI-1) reveals that greater than 80% of the 24 h sample was hematite, decreasing to 55% hematite with the remaining phase 45% goethite after 30 days. Hematite formation is favored over goethite with increasing temperature,^[@ref28]^ therefore, to obtain a high purity end-member hematite sample, a 105 °C crystallization at pH 10.5 was performed. Quantitative analysis of the XRD patterns from the high temperature experiment confirmed that the sample was greater than 90% hematite after 45 days aging.

![XRD pattern time series for the 60 °C crystallization and the end-point of the 105 °C crystallization. Observable Peaks are indexed with F, H, or G signifying ferrihydrite, hematite, and goethite, respectively.](es-2014-00212a_0002){#fig1}

TEM photomicrographs of the solid samples ([Supporting Information](#notes-1){ref-type="notes"} Figure SI-1) illustrate the crystallization pathway of hematite and goethite from ferrihydrite at 60 °C.^[@ref30]^ At 0 h, the ferrihydrite nanoparticles were 3--5 nm and had no visible structure within the particles. After 24 h at 60 °C, the ferrihydrite had aggregated and clumps of nanocrystalline hematite and acicular goethite became evident ([Supporting Information](#notes-1){ref-type="notes"} Figure SI-1). Thereafter, the amount of ferrihydrite rapidly decreased and the size of the hematite/goethite crystals gradually increased. Over the first 48 h of crystallization, there was a rapid decrease in surface area from 164 ± 3 to 21 ± 1 m^2^ g^--1^, followed by a slow continued decrease to 17 ± 1 m^2^ g^--1^ after 30 days (Figure [2](#fig2){ref-type="fig"}). The XRD and QXRD, TEM, and BET data indicated that during the first 24--48 h, there was rapid aggregation of ferrihydrite and crystallization of hematite/goethite, causing a large and rapid decrease in surface area. This was followed by a stage of crystal ripening, with some transformation of hematite to goethite ([Supporting Information](#notes-1){ref-type="notes"} Table SI-1). No evidence for discrete uranium phases was detected using XRD or TEM, as expected from PHREEQC modeling of the system.

![Partitioning of uranium (%) and BET surface area (m^2^ g^--1^) during the crystallization of ferrihydrite at 60 °C. Green triangles = uranium in solution (U~(aq)~); red diamonds = surface bound uranium (U~(ads)~); blue diamonds = nonleachable uranium (U~(s)~); purple crosses = BET surface area.](es-2014-00212a_0003){#fig2}

The majority of the uranium (91.9 ± 0.2%) was instantaneously adsorbed to the solid phase on its addition to the ferrihydrite slurry (Figure [2](#fig2){ref-type="fig"}). During the aggregation and initial crystallization phase, U~(ads)~ rapidly decreased to 79.6 ± 3.2% at 1 h and 51.3 ± 2.1% at 48 h, with a continued decrease to 23.2 ± 0.9% after 70 days of aging. On the basis of the uranium mass balance, this shows an increase in U~(s)~ from 20.2 ± 2.6% at 1 h to 75.0 ± 9.6% after 70 days (Figure [2](#fig2){ref-type="fig"}). Thus, the chemical extraction data strongly suggest that a significant proportion of the uranium is becoming increasingly strongly associated with, and possibly structurally incorporated into, hematite/goethite during crystallization. Reflecting this, we suggest that uranium adsorbed to the surface of the ferrihydrite particles is trapped within the solid phase during the aggregation process at the early stages of the crystallization process, consistent with the incorporation mechanism of Pb into hematite during hydrothermal crystallization of ferrihydrite.^[@ref33],[@ref37]^ The gradual increase in U~(s)~ during crystallization and ripening indicates that U(VI) then continues to be incorporated as the iron (oxyhdr)oxide crystals form and grow. This is in contrast to the behavior observed for Pb, where the contaminant was slowly released from the hematite structure during ripening because of its incompatibility (i.e., located within defect sites) with the mineral structure.^[@ref33],[@ref37]^ This does not occur with uranium, suggesting that it may become located within a stable crystallographic site within the newly formed mineral, in agreement with modeling simulations.^[@ref20]^

X-ray Absorption Spectroscopy {#sec2.2}
-----------------------------

XANES spectra from a time series of samples spanning the crystallization of ferrihydrite at 60 and 105 °C, along with U(VI) and U(IV) reference spectra are shown in Figure [3](#fig3){ref-type="fig"}.

![Uranium L~III~-edge XANES spectra during the crystallization of ferrihydrite. Reference spectra for U(VI) (schoepite ((UO~2~)~8~O~2~(OH)~12~·12(H~2~O)); purple) and U(IV) (uraninite (UO~2~); green) are shown for comparison. Arrows A and B show features related to axial and equatorial U---O bonds, respectively.](es-2014-00212a_0004){#fig3}

The edge positions of all XANES spectra from the four iron (oxyhydr)oxide samples aligned to the U(VI) schoepite standard (∼17 172 eV) indicating that uranium remained as U(VI) during crystallization. Two prominent resonance features are visible in the XANES spectra of uranyl-containing compounds (A and B, Figure [3](#fig3){ref-type="fig"}) and are due to resonance from the different U---O bonds. Feature A (∼17 190 eV) is attributable to the short axial U=O bonds in the dioxygenyl species, and feature B (∼17 210--17 215 eV) is attributable to the longer U---O equatorial bonds.^[@ref38]^ Feature A is absent from the XANES spectra of compounds that do not have the axial U=O bonds, such as uraninite, but is clearly present in all our U-bearing Fe sample spectra (Figure [3](#fig3){ref-type="fig"}). The XANES spectrum of the 0 h solid associated sample is very similar to that of schoepite, indicating uranyl coordination. However, during the experiment the resonance features migrate in energy with time indicating a change in the local bonding environment of uranium throughout crystallization. Here, feature A migrates to a lower energy (17 188 to 17 182 eV), whereas feature B migrates to a higher energy (17 211 to 17 228 eV) over time (Figure [3](#fig3){ref-type="fig"}). Changes in the energy of these resonance features in the XANES region are reportedly inversely proportional to the changes in the corresponding bond length.^[@ref38]^ The time series XANES data, therefore, suggest that during reaction, the axial uranyl oxygen bond elongates while the average bond length in the equatorial plane shortens. The XANES spectra of the 60 °C, 30 day sample and the 105 °C, 45 day sample are very similar to reported XANES for alkali metal uranate compounds.^[@ref39]^ This indicates that the U(VI) associated with the crystalline iron (oxyhydr)oxide is likely in a uranate-like coordination and presumably relates to the uranium becoming structurally incorporated. It is important to note that feature A remains during incorporation, indicating retention of the uranyl bonds, albeit with an increase in the bond distance inferred from its migration to lower energy. The XANES spectra from previous studies of U(VI) incorporation into hematite^[@ref18],[@ref19]^ are also very similar to our data, suggesting the same U(VI) local environment is favored in several experimental systems.

![(a) Uranium L~III~-edge EXAFS spectra and (b) corresponding Fourier transforms of the EXAFS data from U(VI) during hematite crystallization from ferrihydrite. Black lines are *k*^3^-weighted data, and red lines are model fits to the data. The Fourier transform is plotted with a phase correction calculated from O~ax~. Fit parameters are given in Table [1](#tbl1){ref-type="other"}.](es-2014-00212a_0005){#fig4}

Further information on the bonding environment of the uranium can be determined from analysis of the EXAFS spectra and their Fourier transform (Figure [4](#fig4){ref-type="fig"}a and b respectively). The model of Waite et al.^[@ref34]^ for U(VI) adsorption to ferrihydrite in a mononuclear bidentate complex was applied to the 0 h data and provided a good fit (Figure [4](#fig4){ref-type="fig"}, Table [1](#tbl1){ref-type="other"}). To test our hypothesis of uranium incorporation into hematite during crystallization, fitting was performed using the hematite structure^[@ref40]^ with U(VI) substituted for Fe(III) in the mineral structure. The model was then applied to the 105 °C, 45 day data first because this was 90.8 ± 0.8% hematite and had only limited potential contributions from goethite (Figure [1](#fig1){ref-type="fig"}). The refined fit model from the 105 °C system was then applied to the 60 °C, 30 day data (55% hematite) to assess the goodness of fit to hematite-incorporated uranium in a more environmentally relevant system.

In the hematite structure (Table [1](#tbl1){ref-type="other"}), each Fe is octahedrally coordinated by oxygen and is surrounded by Fe---O octahedra which are face, edge, or corner sharing (Table [1](#tbl1){ref-type="other"}, Figure [5](#fig5){ref-type="fig"}). We assumed an octahedral U---O coordination for our EXAFS fits based on our XANES, previous modeling,^[@ref20]^ and the working hypothesis that the Fe(III) that was replaced by U(VI) was octahedrally coordinated. The best fit to the EXAFS data showed that the optimal coordination was a fit with three separate U---O shells, each with a coordination of 2 at U---O distances of 1.87 Å, 2.07 Å, and 2.23 Å. These U---O distances are similar to those in barium uranate (BaUO~4~), in which uranium is also octahedrally coordinated with oxygen, with 2 at U---O distances of 1.89 Å and 4 at 2.20 Å.^[@ref41]^ We were then able to fit all of the four closest neighboring Fe shells expected from the hematite structure with a good level of statistical significance ([Supporting Information](#notes-1){ref-type="notes"} Table SI-7). The U---Fe bond distances for face sharing Fe (Fe~F~) and the nearer corner sharing Fe (Fe~C1~) are at approximately the same distance as the Fe---Fe distance in hematite, whereas an increased atomic distance to the other two Fe shells (Fe~E~ and Fe~C2~) is observed suggesting some strain in the structure (Table [1](#tbl1){ref-type="other"}). U(VI) has a larger crystal radius than Fe(III) (0.870 Å versus 0.785 Å),^[@ref42]^ and thus, upon incorporation, it would be expected to cause expansion and distortion to the host octahedral site.

###### Details of EXAFS Fit Parameters from Uranium Adsorbed to Ferrihydrite (*t* = 0 h) and Uranium Associated with Crystalline Hematite (*t* = 30 days, 60 °C; *t* = 45 days, 105 °C)[a](#t1fn1){ref-type="table-fn"}

  sample               path                                       CN   R (Å)      σ^2^ (Å^2^)   Δ*E*~0~ (eV)   S0^2^      *X*~v~^2^   *R*
  -------------------- ------------------------------------------ ---- ---------- ------------- -------------- ---------- ----------- -------
  0 h                  O~ax~                                      2    1.81 (1)   0.003 (1)     6.9 ± 2.0      1.05 (1)   75.1        0.027
                       O~eq 1~                                    3    2.28 (4)   0.009 (6)                                            
                       O~eq 2~                                    2    2.40 (4)   0.005 (6)                                            
                       Fe~F~                                      1    3.40 (4)   0.008 (5)                                            
                       O~ax MS~[b](#t1fn2){ref-type="table-fn"}   2    3.63 (2)   0.005 (1)                                            
  105 °C 45 day        O~ax~                                      2    1.87 (2)   0.007 (2)     --4.4 ± 6.0    0.85 (6)   27.5        0.018
                       O~eq 1~                                    2    2.07 (2)   0.003 (1)                                            
                       O~eq 2~                                    2    2.23 (3)   0.005 (2)                                            
                       Fe~F~                                      1    2.87 (3)   0.007 (2)                                            
                       Fe~E~                                      3    3.11 (2)   0.010 (2)                                            
                       Fe~C1~                                     3    3.45 (6)   0.016 (7)                                            
                       Fe~C2~                                     6    4.01 (6)   0.024 (7)                                            
                       O~ax MS~[b](#t1fn2){ref-type="table-fn"}   2    3.74 (4)   0.014 (3)                                            
  60 °C 30 day         O~ax~                                      2    1.84 (1)   0.009 (1)     6.5 ± 2.9      0.85 (3)   30.7        0.013
                       O~eq 1~                                    2    2.17 (4)   0.008 (4)                                            
                       O~eq 2~                                    2    2.31 (6)   0.013 (9)                                            
                       Fe~F~                                      1    2.91 (2)   0.006 (2)                                            
                       Fe~E~                                      3    3.16 (2)   0.011 (1)                                            
                       O~ax MS~[b](#t1fn2){ref-type="table-fn"}   2    3.68 (3)   0.017 (3)                                            
  hematite^[@ref40]^   O~1~                                       3    1.95                                                            
                       O~2~                                       3    2.12                                                            
                       Fe~F~                                      1    2.90                                                            
                       Fe~E~                                      3    2.97                                                            
                       Fe~C1~                                     3    3.36                                                            
                       Fe~C2~                                     6    3.71                                                            

CN denotes coordination number; R denotes atomic distance; σ^2^ denotes Debye--Waller factor; Δ*E*~0~ denotes the shift in energy from the calculated Fermi level; S0^2^ denotes the amplitude factor which was constrained to between 0.85 and 1.05; *X*~v~^2^ denotes the reduced χ square value; R denotes the "*goodness of fit*" *factor*; the subscript MS denotes multiple scattering paths in the axial O---U---O unit.

The multiple scattering paths considered were linear paths and their ΔR and σ^2^ parameters were evaluated as multiples of the corresponding single scattering path parameter. Numbers in parentheses are the standard deviation on the last decimal place.

The usual shell-by-shell approach to EXAFS fitting was not possible here because the Fe scatterers mostly contribute to the EXAFS spectrum in the low to middle *k* range (4--10 Å^--1^) ([Supporting Information](#notes-1){ref-type="notes"} Figure SI-2); hence, any model that excludes these contributions will be unsatisfactory. Additionally, we found that having data with good signal-to-noise ratio in the high *k* range (\>10 Å^--1^) was essential to adequately fit the U---O shells ([Supporting Information](#notes-1){ref-type="notes"} Figure SI-2). Therefore, with our incorporation hypothesis in mind, we iteratively refined the U---O shells and U---Fe shells simultaneously. Once the U---O shells had been satisfactorily resolved, we then constructed a model from a single Fe shell to the full model including four Fe shells refining the model each time and assessing the statistical relevance of each additional shell by way of an F-test ([Supporting Information](#notes-1){ref-type="notes"} Table SI-7).^[@ref43]^ The F-test results confirmed that the addition of each subsequent Fe shell significantly improved the fit of the model to the data and was statistically valid.

The Debye--Waller factor of the shortest U---O distance, the axial oxygens, is the highest of the three oxygen shells, when normally it would be expected that they would be the tightest bound and, thus, have the lowest Debye--Waller factors. This may be due to static disorder, possibly related to the averaged nature of the EXAFS spectrum and the complexity of the structure with U---O octahedra potentially in several different orientations, resulting in a range of U---O axial oxygen distances that are averaged in the fit. Additionally, the outermost Fe shell has a comparatively large Debye--Waller factor, ∼0.02 Å^2^. Again, this is likely to be due to the relative increase in static disorder in the spectrum as the distance from the central uranium atom increases. Overall, these data, coupled to TEM and QXRD show that the U(VI) within the 105 °C, 45 day aged samples was incorporated into the hematite structure by replacing Fe(III).

Application to the 60 °C Data {#sec2.3}
-----------------------------

The fit model from the 105 °C data can be fitted to the 60 °C data but requires the removal of the outer two Fe shells from the model. This may be due to the reduced useable *k* range of the 60 °C data or to the heterogeneity of the uranium location (e.g., an adsorbed and incorporated component) in this sample compared to the high temperature experiment. The fit parameters for the two closest Fe shells (Table [1](#tbl1){ref-type="other"}) were statistically valid and were essentially the same as the 105 °C fit. Quantitative analysis of the XRD revealed up to 45% goethite present in this sample ([Supporting Information](#notes-1){ref-type="notes"} Table SI-1). The Fe---Fe distances in goethite^[@ref44]^ are similar to those in hematite, although the hematite face-sharing octahedra at 2.90 Å is absent in goethite. However, amplitude at this distinctive distance was clearly present in our data, meaning that the majority of the U(VI) must reside within the hematite, although it was not possible to eliminate some fraction of uranium residing within the goethite. The fit parameters for the O shells in the 60 °C fit did not remain the same as in the 105 °C fit. The U---O~ax~ bond distance (1.84 Å) in this sample was close to that of the adsorbed model (1.81 Å), and both the equatorial shells have longer U---O atomic distances than the 105 °C fit. Because the Fe---O octahedra in goethite and hematite are nearly identical, U(VI) present in goethite was unlikely to be the cause for the changed U---O environment between the 105 and 60 °C data sets. However, our chemical extraction data illuminate the differences between the U---O shell fit parameters between the two systems. Approximately 30% of the uranium in the 60 °C sample was acid leachable, indicating a significant proportion remains surface bound after 30 days aging. Hence, it seems the bulk EXAFS data contained a significant component of signal from U(VI) in a surface adsorption site, which caused the average U---O bond length in the EXAFS signal to be closer to those of surface bound U(VI). Additionally, the Debye--Waller factors for each U---O shell were \>0.008 Å^2^, indicating significant disorder: our model did not account for the adsorbed component, and trying to fit two similar U---O environments simultaneously to the 60 °C data set resulted in large disorder in the U---O shells and, thus, was unjustifiable.

Linear combination fitting of the 60 °C, 30 day data, using the 0 h and 105 °C data as end members, indicated a contribution from the adsorbed U(VI) species of approximately 20% (see [Supporting Information](#notes-1){ref-type="notes"}), which is in agreement with the chemical extraction data (Figure [2](#fig2){ref-type="fig"}). Applying the same linear combination fitting to data taken after 24 h aging at 60 °C indicated approximately 40% U was adsorbed, whereas the chemical extraction suggested closer to 50% was adsorbed. This modest discrepancy may be partially due to an overestimate of the adsorbed fraction by the operationally defined chemical extraction. This is not uncommon for indirect techniques and suggests a small proportion of the partially crystalline iron oxyhydroxide was dissolved at pH 2.5.^[@ref45]^

Uranium Incorporation into Hematite {#sec2.4}
-----------------------------------

For our end-member 105 °C experiment, the EXAFS analysis showed that during hematite crystallization and U(VI) incorporation, the uranyl axial bonds lengthen by 0.06 Å and the average equatorial bonds shorten by 0.17 Å. These changes to the U---O bond lengths are in agreement with our interpretation of the changes in energy of the resonance features in the XANES data. The EXAFS analysis is consistent with 6-fold coordinated U(VI) residing in a distorted uranate-like octahedral site within the hematite structure (Figure [5](#fig5){ref-type="fig"}), although we accept there may be a contribution from minor amounts of U(VI) in goethite.

![(a) Hematite structure showing Fe---Fe distances of Blake et al.^[@ref40]^ (b) Uranium incorporated hematite showing U---Fe distances obtained from EXAFS fitting of the 105 °C data. Subscript notation indicates the polygon sharing relationship: *F* = face; *E* = edge; *C* = corner. Redrawn after Cornell and Schwertmann.^[@ref28]^](es-2014-00212a_0006){#fig5}

In earlier work, Duff et al.^[@ref18]^ formed U(VI)-containing hematite via a coprecipitation method at pH 11 and interpreted their EXAFS as showing incorporation of uranium into the crystal structure, with an oxygen coordination of approximately 4 at radial distances of 2.19 Å (*N* = 1.4 ± 15%) and 2.36 Å (*N* = 2.1 ± 20%), with a single Fe atom (*N* = 1.12 ± 25%) at a distance of 3.19 Å. The implication is that uranium was incorporated into hematite with the loss of the axial U---O bonds. Latterly, it has been suggested that the Duff model had an unexpectedly low U---O coordination, suggesting that not all of the U---O bond distances were fully resolved from the EXAFS.^[@ref20]^ The same approach to uranium incorporation into hematite was followed by Ilton et al.^[@ref19]^ who reported a similar uranium environment to Duff et al.^[@ref18]^ Our EXAFS data analysis showed that these models are incorrect and that U(VI) is fully coordinated by 6 oxygens within a distorted octahedral site in the hematite structure.

Our interpretation is supported by recent work on atomic simulations of uranium incorporation into hematite,^[@ref20]^ which shows that incorporation of octahedrally coordinated U(VI), with reduction of Fe(III) as the charge compensation mechanism, maintains an average U---O bond distance of 2.06 Å. This is identical to the average U---O bond distance obtained from the fit to our data (2.06 ± 0.02 Å). However, the U---Fe atomic distances returned by the simulations were in excess of those obtained from our EXAFS fitting, in particular the calculated single U---Fe distance from the face sharing octahedra was reported at 3.37 Å.^[@ref20]^ These differences may be due to the simulations assuming a single U---O bond length; this does not take into account the shape of the distorted UO~6~ octahedron that we propose. The corresponding simulation that considers incorporation of the U(VI) into an unoccupied interstitial site within the hematite structure returns similar average U---O and U---Fe bond distances to those of our EXAFS fit.^[@ref20]^ However, the calculated Fe shells in the simulation are doubly overcoordinated compared to our fit and we were unable to reconcile this model with our data, leading us to discount U(VI) incorporation into a vacancy site. We can see no viable mechanism to achieve charge compensation by reduction of Fe(III) to Fe(II) in our fully oxidized system. Similarly, reduction of U(VI) to U(V) again seems to be improbable in the absence of a suitable reducing agent. Although distinction of U(V) from U(IV) and U(VI) has been shown to be possible with high resolution XAS techniques,^[@ref46]^ it is not possible to do so for our samples at their low U-loadings. Furthermore, in crystalline materials, reportedly the U(V) cation may occur in octahedral or pentagonal bipyramidal coordination with a near linear O---U---O unit, but the U---O bond length is typically around 2 Å,^[@ref47]^ which is in vast excess to the 1.87 Å we observed, giving confidence that U(V) was not present in our samples. Another potential charge compensation mechanism postulated by Kerisit et al.^[@ref20]^ for U(VI) substituting for Fe(III) is via creation of an Fe vacancy in its vicinity. To test for this we refitted the model described above, but with the coordination number of each Fe shell reduced by one, sequentially ([Supporting Information](#notes-1){ref-type="notes"} Tables SI-3 and SI-4). None of these fits gave a statistical improvement on that presented here, and in fact, the omission of the face-sharing Fe significantly worsened the fit ([Supporting Information](#notes-1){ref-type="notes"} Table SI-7). This suggests that if the charge compensation is via creation of a Fe(III) vacancy, then the vacancy is (a) located in the edge-sharing or corner-sharing shells and (b) is randomly distributed relative to U(VI) or is undetectable within the constraints of the EXAFS measurements we made.

Overall, in this study, we present clear evidence for U(VI) incorporation into hematite in an octahedrally coordinated environment and via direct substitution for Fe(III). Our model requires retention of the uranyl bonds as evidenced by the XANES and EXAFS analyses, albeit elongated within the structure, which is in direct contrast to previous studies.^[@ref18],[@ref19]^ Our data also evidence the importance of high quality spectroscopic data out to high *k* when attempting to model actinide incorporation into iron oxides.

Implications for Uranium in the Environment {#sec2.5}
-------------------------------------------

Our work highlights that under conditions relevant to both geological disposal and contaminated land, a significant proportion of U(VI) adsorbed to ferrihydrite is incorporated into the hematite crystal structure during crystallization. In our experiments, hematite showed the ability to incorporate approximately 3000 ppm U(VI) (0.3 wt %) in the solid. This is relevant to a wide range of nuclear decommissioning and waste management scenarios where iron oxides are ubiquitous. Indeed, the incorporation of uranium into iron oxides, specifically hematite, has implications for reducing the long-term environmental mobility of U(VI), especially given the long-term stability of hematite, which is found in geological settings older than 1 Ga.^[@ref48]^ It is also worth noting that elevated temperatures associated with disposal of heat-yielding radioactive wastes may enhance hematite formation and, thereby, U(VI) immobilization. In addition, under conditions where biogeochemical processes can occur, it is interesting to note that hematite is recalcitrant to microbial reduction due to its crystallinity, with only a thin surface layer of bioavailable Fe(III) present,^[@ref49]^ again suggesting its stability may be significant in, for example, oxic-contaminated land environments. Fe(II)~aq~ has been shown to enhance the release of iron oxide incorporated trace metals,^[@ref50]^ although interestingly, natural iron oxides substituted with, for example, Al^3+^ are less susceptible to Fe(II)-activated recrystallization, and as such, trace metal release may be inhibited in these phases.^[@ref51]^ In particular, the alkaline conditions used in this study show that these processes are directly relevant to the conditions expected around a cementitious disposal facility for radioactive watse^[@ref27]^ as well as alkaline waste management scenarios (e.g., Hanford tanks^[@ref52]^). Thus, our results show that substantial incorporation of U(VI) into hematite can occur, which is potentially a significant new pathway to immobilize U(VI) and has clear implications for the environmental mobility of this important radionuclide, especially in high pH conditions relevant to engineered waste environments.

Additional information about materials, experimental set up, and results, including EXAFS fits. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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